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SUMMARY

The~rfmmanceof liquidfluorinesndliquidamnoniaas a propel-
lantcombinationwasevaluatedin l.000-pound-thrustrocketenginesoper-
atedat a chamberpressureof600poundspersquareinchabsolute.Values
of specificimpulse,characteristicvelocity,thrustcoefficient,andheat
rejectionwereobtainedas functionsofpropellantmixtureratioforeach
offourinjectors:a triplet,a showerhead,andtwolike-on-liketypes.

Msximmnperformancewasobtainedat thefollowingvaluesby using
like-on-likeinjectionat 32percentfuelby weight(oxidant-fuelratio

w of 2.12~:specificimpulse,290pound-secondsperpound(85percentof
theoreticalmaximumforequilibriumexpansion,92percenfioftheoretical
maxhumforfrozenexp~sion)j characteristicvelocity,6200feetper
second(87percentof theoreticalmsximumforequilibriumexpansion);

nozzlethrustcoefficient,l.~; over-allheatrejection,4.0Btuper
secondpersquareinch.

Specificimpulsefortheshowerheadinjectorwasabout4 percent
lowerandheatrejqction20per~r thanforthelike-on-likein-
~ectors.Ingeneral,theshowerheaddataefiibitedbetterreproduci-
bilitythanthelike-on-likedata,wherescatterintheregionofhighest
specificimpulseexceededthelimitsoferrorofthemeasurements.

Theflat-facedshowerheadandlike-on-likeinjectorsdemonstratedno
tendenciesto createlocalhotspots,eitherontheindectorfaceor on
theenginewalls.

Unsatisfactoryperformance,repeatedburnouts,andultimatedestruc-
tioncharacterizedoperationof thecontoured-facetripletinjector.

Theelementaryinjectionconceptsoffinepropellantatomization,
. homogeneouspropellantdistribution,anduniformthoroughcoverageofthe

insectorfaceby propellantentryholesareemphasized.
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INTRODUCTION

Theaimofthepresentresesrchwasto

NACARME54C17
.

.
investigatetheperforunce

of’theliquidfluorine- liquidanmoniapropellantcombinationas in-
fluencedby injectionmethodsin 1000-pound-thrustenginesoperatingata
nominalcombustionpressureof 60CJpoundsET squareinchabsolute.From
theoreticalcalculationsbasedonequilibriumexpansion,themaximum
specificimpulsewhichcouldbe expectedatthispressureis 340pound-
secondsperpound.

—

Workreportedearlier(ref.1)wasconductedat the100-poundthrust
levelata conibustionpressureof 300poundspersquareinchabsolute.
Themaximumspecifictmpulseachievedwas270,whereascalculationsshowed
311pound-secondsperpoundtobepossibletheoreticallyonequilibrium
expansionfromthatpressure.

Theenginecomponentwhichaffectsperformancemostisthepro-
pellantinjector.Theworkreportedhereinwasconfinedto studiesof
performanceobtainedwiththreedifferenttypesof injector;theselec-
tionswerebasedonpastworkatthislaboratory(refs.1 and2)and
thatconductedbyotherorganizations(refs.3 to 9). Characteristicc
enginelength(50in.),chamber-tothroat-arearatio(11:1),andengine
geometrywerekeptconstant.

As measuresofperformancesobtainedby differentinjectors,three
characteristicswereobserved:

(1)Thepeak~rformanceexhibitedby thein$ector,as indicatedby
specificimpulseandcharacteristicvelocity

(2)Thelocationofpeakperformancewithrespecttomixtureratio

(3)ThetendencyoftheinJectorspraypatternnottoproduceex-
cessiveheattransferto theengine,eitherlocallyorover-all

Thesecondconsiderationwasincludedbeca@ea high-performanceinjector
operatingbestinthefuel-richregionswo~d.enhanceregenerativecool-
ingpossibilities.

Primarydatarequiredfortheaboveobservations,andthecalctiation
ofthrustcoefficients,camefrommeasurementsofpropellantflowrates,
developedenginethrust,combustion-chamberpressure,andcoolanttemper-
atureriseandflowrate.
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EQUIPMENT

Injectors.- Fourinjectorswereusedin
firstconsistedof 20tripletgroupsarranged

thisinvestigation.The
ina circularpatternon—

a contouredfaceas seeninfigure1. Eachgroupprovidedfortwo-
oxidant-on-one-fuelimpingingstresns.Thediameterofalltheholes
was1/32inch.

A showerheadinjector(fig.2)wasdesignedwitha flatfaceanda
holedistributionof92fueland119oxidantholesof0.025-inchdiameter
to completelycovertheface. Rowsoffuelandoxidantholeswereinter-
spacedina grid-likepattern.Thearrangementoftheholesrelativeto
eachother,theholediameters,andtheinjectionpressuredropswere
designedfora mixtureratioof 29weightpercentfuel. Allholeswere
drilledaxially.

In orderto achievefineratomizationthanmaybe expectedfroma
straightshowerhead,an in~ectorwasmadewhichemployedpairsof im-

M pingingstreamsofthesamepropellant,designatedthelike-on-like
3 radialinjector(fig.3). Thesestreamsimpingedatthesurfaceofthe
q injectorfaceandformeda finelyatomizedfan-shapedsprayat eachpair

ofholes.Therewere16pairsoffueland28pairsofoxidantholes.
s Allholeswereof 0.035-inchdiameter.Manifoldssupplyingpropellants

to theholeswereformedradiallyinthisinjectorforeaseinfabrica-*!
tion. Subsequentmodificationsincludedfirstcountersinkingthehole
pairs(modificationA, fig.3)forimprovedatomizationandlateradding
24morefuelholes(modificationB, fig.3)..

w

Thelastinjectorwasintendedto conibinethefineatomizationof
like-on-likeimpingementwithuniformdistributionandthoroughcoverage
acrossa flatface. Thisinjectorhad85pairsoffuelholesand108
pairsof oxidantholesandwasreferredto as thelike-on-likegridin-
jector(fig.4). Thediameteroftheholeswas0.020inch.

Comparativephoto~aphsofwater-~praypatternsfromtheshowerhead
andthelike-on-likegridinjectorscanhe seeninfigure5.

Thetripletandthelike-on-likeradialinjectorsweremadeof
nickel;theshowerheadandthelike-on-likgridinjectorswereofbrass.
Thein~ectorsweredesignedforpropellantpressuredropsnear150
poundspersqyareinchattheflowsrequiredby a mixtureratioof 29
weightpercentfuel.

Enginechsmibers.- The50-inch-characteristic-lengthconibustion
chamberswerecooledby theaxialflowofwaterthroughannularpassages.
Figure6 isa drawingandphotographofa cutawaysectionofa chamber.
Thetechniqueusedin fabricationof thesechambersisdiscussedinappen-
dixA.
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Testfacilities.- Theassembledengine,chsaiberandinjector,was
mountedhorizontallyorIthefloatingmemberofthethru@ stand.The d“
floatingmemberwassupportedby twoverticalsteelflexureplates.En-
ginecoolantwater,duringfiring,wassuppliedby a pumpata pressure
of 250poundspersquareinchanda flowrateofabout6 poundsper --
second.

Thepropellantflowsystemcanbestbe understoodby referenceto
figures7 to 9. Thisinstallationwaspatternedbasicallyafterthose
usedforrelatedearlierwork(refs.1, 2,10,and11). Allfiring
operationswereaccomplishedby remotelycontrolledvalvesandpressure
regulators.Flm”rateswereestablishedby theextenttowhichthepro-
pellanttankswerepressw.izedwithheli~ Maximumworkingpressure
was1000poundspersqyareinch.A heliumpurgelinewasconnectedto
theoxidantflowlinedownstreamoftheoxidantvalve.Theheliumvalve
waselectricallyinterlockedwiththepropellantvalvessothatwhenthe
fuelflowvalveopened,heliumpurgedtheoxidantline;whentheoxidant
flowvalveopened,thisheliumvalveclosed.

Allcomponentsofthefuelsystemweremadeof stainlesssteel; .-
materialsusedintheoxidantsystemweremonel,nickel,brass,and
stainlesssteel.Teflonwasusedforpackings,gaskets,andseatsin
allvalvesexcepttheoxidantflowvalve..’Thisvalvehadnopacking,
employinginsteada stainless-steelbellows.Inordertopreventrupture
ofthethinbellows,bothsidesof itwerepressurizedsimultaneouslywith v
theoxidanttank.Themetal-to-metalseatandplugintheoxidantvalve
werenickel,andthegasketswerelead. .

Bothpropellanttanksweresuspendeddirectlyfromcantileverarms
fittedwithstrain-gageelements(fig.7). Thetanksweretotally
immersedinliquidforbouyancy;a waterbathservedthefueltankand
liquidnitrogenwasusedfortheoxidanttank. Thenitrogenwasalso
necessarytomaintaintheoxidanttemperaturebelowitsnormalboiling
point.Constantlevelofthenitrogenwasassuredby meansofa standard
water-closetballcockandfloat.

Instrumentation.- Propellantflowratesweredeterminedby change
inthetankweightasindicatedby thecantileveredstraingagesandre-
cordedby self-balancingpotentiometers.Duringthelatterstagesofthe
work,venturisandrotating-vane-t~flowmeterswereinstalled;but,be-
causeofmechanicaldifficultieswithboththeflowmetersandthedif-
ferentialpressuretransducersfortheventuris,consistentlyreliable

m
I-1
Nm

datawerenotobtainedfromeitherofthese
mentsduringtheruns. Agreementamongthe
indicatedtobewithin+3percentorbetter
liquidammoniaandliquidnitrogen.

lat+ertwotypes’ofinstru-
threemethods,however,was
duringflowcalibrationswith _ - ..-

V

u
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Thrustwasrecordedautomaticallyfroma ring-typestrain-gage
. elementintensionandmountedonthesxisof theengine.

Chsmberpressureandpropellantt= andlinepressuresweremeas-
uredby Bourdoutube-tyyerecordersandstrain-gage-typestatic-pressure
transducers.

Forcalculationof engineheatrejection,thecoolsnt-water-flow
ratewasdeterminedby therecordsfroma variable-areaorificemeter,

E
andtemperaturerisewasmeasuredby iron-constsntanthermocouples
locatedattheinletandoutletwatertubes.

Accuracyofthethrustmeasurementswasconsideredtobe within
Al percent.Othermeasurementswereaccuratewithin&2 percent.

Propellants.- Bothgaseousfluorineandliquidammniawereob-
tainedinpressurizedcommercialcylindersandwerehandledasdescribed
inreference1. Thepropertiesoffluorinesretabulatedinreference2,
sndthoseof smnoniamaybe foundinreference12.

PROCEDURE

Thepropellantswereloadedintotheirtsdcsfromthemanifolded*“
supplycylinders.Anmoniawastrsmsferredas a liquid;gaseousfluorine
wascondensedto theliquidstateinthepropellanttank. Tankpres-
sureswerethsnpresetfortheflowconditionsrequiredby therun.
Coolant-waterflowandallinstrumentswereturnedon. Propellmtflows
werestartedby instantaneouslyopeningbothflowvalvescompletely,with
fuelleadingoxidantby a fractionofa second.Ignitionoccurred
immediately,sincethepropel.lsmtsareself-igniting.After8 or 10
secondsof operation,therunwasstopped.If anotherweretobemade,
thetsmkpressureswereadjustedto thenewconditionsandfiringwas
repeated.Uponcompletionofthelastrun,bothsystemswerethoroughly
purgedwithhellum@ thenclosedup in a st~dbyconditionwithhelium
pressureretained.

Figure10wastakenfromoneframeof a colormoviefilmandshows
theengineinoperationduringa runtiththeshow=headin~ector.

Specificimpulsevaluesareconsideredtobe accuratewithin*3 per-
cent,basedontheaccuracyofmeasurementofthecorrespondingparam-
eters(propellantflowswithin+2 percentandthrustwithin*1 percent).
Sinilsxly,characteristicvelocityvaluesareprobablyaccuratewithin
+4 percent,endnozzlethrustcoefficientswithinA3 percent.
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Becauseof themethodoffabricationoftheenginecombustion
chwibxrs,averagedeviationsofthenozzletmoat mea fromdesignspec-
ificationswereplus1 or2 percent.

-—
Thermalexpansionofthethroat

wallduringrunningmightsmountto asmuchas l-percentsreaincrease.
-—

Thecumulativeeffectof3 percentor lesswouldraisethecharacter-
isticvelocityandlowerthethrustcoefficientvaluesproportionally
fromthosereported. —

Adjustmentof specificimpulsevaluesforlossofperformance
throughheatrejectiontoenginewallsandto accountforvariationof 2
experimentalcombustion-chaniberpressuresfromthenominal600pounds #
persqus.reinchabsoluteamounted,ingeneral,to about2 percentofthe
measuredspecificimpulse.Adjustedvaluesarelistedintable1. The
methodof computingthesevalueswassimilarto thatusedinreferences
1 and10.

A completepresentationof

RESULTS

theexperimentalresultsismadein
table1. No valuesweretabulatedforthetripletinjectorbecauseall
itsrunsresultedin severeinjectorburning.Figures11to 1.3givethe
resultsintermsof specificimpulse,characteristicvelocity,thrust
coefficient,andheatrejectionasfunctionsofpropellantmixtureratio.
Thefiguresshowcurvesfairedthroughexperimentalvaluesfromthe ‘d
showerheadinjectorandfromcombinedresultsofthetwolike-on-like

-

injectors.In addition,curvesbasedontheoreticalcomputationsare
presented(ref.13).

.

Valuesrepresentingmaximumperformancefromthefairedcurvesare —
summarizedinthefollowingtable:

Like-on-likeShowerhead
injector injector

Specificimpulse,lb-see/lb 290 278
Percentoftheoreticalmaximum,
equilibrium 85 82

Percentoftheoreticalmsximum,
frozen 92 89

Characteristicvelocity,ft/sec 6200 5820
Percentof theoreticalmaximum,
equilibrium 87 82

Nozzlethrustcoefficient 1.50 1.50
Over-allheatrejection,
Btu/(sec)(sqin.) 4.0 3.2

Oxidant-fuelweightratio 2.X? 2.12
Fuel,weightpercent 32.0 32.0

w
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Itmaybe notedthat,,althoughperformancewasabout4 percent
lowerfortheshowerheadthanforthelike-on-likeinjectors,itsheat
rejectionwas20percentlower.Ingeneral,theshowerhesddataexhib-
itedbetterreproducibilitythanthelike-on-likedata,wherescatterin
theregionofhighestperformanceexceededthelimitsoferrorofthe
measurements.

No combustionvibrationsof significantmagnitude,hardstarts,or
excessivedepositson enginewallswereencounteredduringthecourseof
thiswork.

DISCUSSION

InprecedingNACAworkontheliquidfluorine- liquidammoniapro-
pellantcombinationata 100-poundthrustlevel,a tripletinjector,pro-
vidingforfourgroupsof two-oxidant-on-one-fuel@pingingstreams>
gavethebestresults(ref.1). Thetripletinjectorthereforeoffered
logicalextensionto thepresentlarger-scalework. Thechoiceof20
groupsforthenewtripletinjectorrepresenteda compromisein scaling
upto the1000-poundthrustlevelonthebasisofthrustpertriplet
group,thrustpertit of injectorfacesrea,sadphysicalproblemsof
theinternalmanifoldingconsiderednecessaryforcooling.On the
thrust-per-groupbasis,40 groupswouldbe needed(scaleof1:10);on
theinjector-face-areabasis,theuseof 13 groupswasindicated(scale

.
of 1:3$. Thetripletgroupsofthepresentinjectordifferedfromthose
of the100-pound-thrustinjectorbybeingsopositionedthatresultants
fromtheimpingingjetswouldbe directedinwardto theengineaxisto
diminishheatrejectiontothewallsailtofostersecondarymixingof
thereactingpropellants.

Thisinjectorburnedoutattheweldandtheshoulderbetweenthe
weldandouterringof oxidantholes(fig.1). Whenitwasrepaired~
additionaloxidantholesweredrilledneartheweldforbettercoo~ngof
thissection.In subsequentoperation,however,severemeltfigoccurred
againattheshoulderandalsointheconicalrecessatthecenterof
theface. Therecentlyaddedholeswerethenclosedandnewoneswere
locatedon theshoulder;alsotheconical-facesectionwascutthinner
andsmallbleedholesweredrilledthroughit. Thismodificationwas
notsuccessful,andtheinjectorburnedbeyondrepair.

Thetripletinjectorwasdesignedtoprovideforliquidmixingand,
basedon experiencewithotherinjectorswhichhavebeenusedinfluorine
work(refs.1,2, lo,and11),itscharacteristicsweresuchasto en-
coursgeconsiderablerecirculationandturbulenceofthecombustiongases
on a largescaleneartheinjectorface. Theinjectorfailedthrough
@n-outs atprotruding@ recessedareasontheface.



8

Succeedinginjectortypesweredesigned
vialedwithgoodcoverageofpropellantholes
recirculationoverlargeareaswasprecluded

HACABM E54C17

withflatfacesandpro-
acrossthefacesothat
andpossibilitiesofburn-

outminimized.As an addedprecautionagainstburn-outs,theseinjectors
dependedlsrgelyon gaseousdiffusionforpropellantmixing.Fueland
oxidantholeswerearrangedwiththeconsiderationofprovidinga total
spraypatternasnesrlyaspossiblehomogeneousinpropellantmixtuze.
Thesechangesweremadeonthepraisethatinherentlocalizedcombustion
turbulenceatflsmefronts,uniformthroughoutthechsmber,wouldbe
equallyaseffectiveinpromotingcompletecombustionasrecirculation
andturbulenceinvolvinglarger,moreheterogeneousbodiesofgases.

i!
—

—.

Theshowerhesllinjectorutilizedtheprecedingfeaturesto good
advantage.Improvedpr~el.lantdistributionacrosstheinjectorfaceis
believedtobe thebasicreasonthepresentshowerheadsurpassedits
predecessorinperformance(refs.1 and10).

A showerheadinjector,however,csmnotnecess=ll.ybe expectedto
provideforfineatomizationofpropellantsimmediatelyuponentry into
thecombustionch=ber,as indicatedby figure5. Such atomizationiS
of considerableimportance>especiallywhent~ continuousProcessof
propellantvaporization,mixing,activation,andcombustionmustreach
completionin anextremelyshorttimeasrequiredby rocketengines.
Immediateandfineatomizationuponinjectionshouldreducetheduration
ofthevaporizationstepandpermitr~id,vapormixing.A recognized J
methodof achievingatomizationistheuseof suitablyarrangedimpinging
jetsofthessmepropellxm.t.

Thelike-on-l~ersd.ialin~ectorutilized@inging jets.Thisin-
jectorprovidedfineandimmediateatomization,md surpassedtheshower-
headinperformance.Whileevaluationof thelike-on-likeradialin-
jectorwasunderway,testswereconductedwithwater-sprayblockscon-

—

tainingseveraldifferent=angementsofdrilledholestodeterminethe
mostdesirabledesignfeatureswithrespectto atmnizationandlocal
distributionofpropellantforlike-on-likeImpingement.(Fordetails,
seeappendixB.) Thediameterofthedrilledholeswaskeptconstant
foralltests.Waterspraysfromtheblockswereobservedandthecon-
clusionwasdrawnthatbestresultsmaybe obtainedwith(1)twoholes
drilledat90°to eachotherandsymmetricallyalinedforimpingement;
(2)a conicalcountersinkcenteredontheholeswithamatchingcone. .

sngle(i.e.,90°)sm.da depth~ timesthedimeteroftheholes;(3)
placementoftheholesinthecountersinksuchthattheirimpingement
pointisbelowtheflatsurfaceoftheblocksmdthattheiredgesare
notquitetsmgentto eachother,thusprovidinga slightclearance
betweentheImpingementpointandtheapexofthecoutersitijand(4)
use ofmoderatelyhighpressuredrops(e.g.,I-SOlb/sqin.).
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In accordancewiththesefindings,thelike-on-likeradialinjector
wasalteredby countersinking(modificationA, fig.3). Theonerun
madewiththismodificationgavelowperformance,whichisprobablynot
typicaloftheresultsthatcouldbe expected.Examinationofthe
collecteddataatthistimeindicatedthePOssibilityof increasedper-
formancewiththeadditionofmorefuelholes.Thebetterover-allfuel
distributionobtainedby theadditionalholes(modificationB, fig.3)
apparentlydidincreaseperformanceasindicatedby thefinalthreeruns
msdewiththisinjector.Insufficientdatawereobtainedfora complete
smveybecausetheinjectorwasdestroyedby a burn-outcausedby a
faultyweld.

Inorderto utilizefurthertheknowledgegainedthusfsr,thelike-
on-likegridinjectorwasdesignedto conihinethefineatomizationchar-
acteristicof like-on-likeimpingementwith@roved propellantdistri-
butionresultingfroma grid-typearrangementofholes.Becausethe
like-on-likegridinjectorconibinedthebestfeaturesofthetwopre-
cedinginjectors,itwasexpectedto exceedeachoftheminperformance.
Resultsfromthetworunsmadewithit,however,~pesredquitecomparable
withthoseofthelike-on-likeradialinjector.

Improvementinperformancestillwithoutburn-out,mightresuit
frominjectorsemployingenforcedliquidmixhg by useofunlike@ping-
ingjets,thatis,tripletgroupsof veryshortstresmlengthsasa
meansofprimarymixingofpropellants,butwhichretaintheflatfacej
thethoroughcoverage,andthehomogeneityy oftheover-allpropellant
spraypatterndiscussedpreviouslyinthissection.Tripletgroups,it
mightbe noted,necessitatesomesacrificeoftheatomizationcreatedby
doublets(seeitem11,appendixB)j but) because of the sWmetrY of two-
on-onetriplets,theyshouldgivesatisfactorypropellantmixing(con-
sequently,satisfactoryperformance)overa widerraugeofmixtureratios
thanwouldunlikedoubletjets.

SIGNIFICANCEOFRESULTS

Coqpsrisonofresuitsfromthepresentinvestigationwiththosefrom
precedingworkon a smallerscalead ata lowercoribustionpressure
(ref.1) canbe seeninfigure14.

It is appsrentthatthespecificimpulseofthe1000-pound-thrust
engineswashigher,ingeneral,thsmthatofthe100-pound-thrustengines>
aswouldbe expectedbecauseofthehighercombustionpressure(600and
300lb/sqin.abs,respectively).Characteristicvelocity,however,was
appreciablyhigherforthe100-pound-thrustengtnesthanforthe1000-
pound-thrustengines.
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As a measureof cotiustionefficiency,characteristicvelocityis
moredirectthanis specificimpulse)andit isnotsiF@ftcantlYin-_ .“
fluencedby thechoiceofoperationalcombustion-press~elevel.me... __
resultsindicate,then,thatthelike-on-likeinjectorsusedinthe
larger-scaleenginesdidnotperformsoefficientlyasthetripletin-
jectorinthesmaller-scaleengines. .. — —.~

in
Theover-allperformanceefficienciesofthe1000-and100-pound-

thrustengines,nevertheless,werequitecomparable;theyyieldeti85and
87percentoftheirrespectivemsximumtheoreticalspecificimpulse

.-

values.(Eachgaveabout92percentofitshighestfrozenexpansion
theoreticalvalue.)Thiscomparisonis accountedforby thefactthat

.—

thelarger-scaleenginesoperatedwiththrustcoefficientsveryneartheo-
reticalvalues,whereasthoseforthesmaller-scaleengineswere92Per- ““.___

-..

centoftheoreticalforthecorrespondingcombustion-chaniberpressure.

Thecurvesforthesmaller-scaleenginesdonotdropsorapidlyat
thefuel-leanandfuel-richmixtureratiosas dothoseforthelarger-
scaleengines,probablybecausethetripletinjectoroftheformerpro-
videdforearlierandbetter.propellantmixingthandidthelike-on-
likeinjectors.

—

Theheatrejectionforthelike-on-likeinjectors(1003-lb-thrust
engines)washigherthanthatofthetripletinjector(loO-lb-thrust
engines).However,it isprobablethat,ifthesameinjectorswererun ‘#
atequivalentcombustion-chamberpressures,thereversewouldbe true._.

Theconibustion-chsmibercross-sectionalareainthe100-pound-thrust
.

engineswas16.6timesthethroatsrea;thecorrespondingvaluewasI.1.l
forthe1000-pound-thrust
highbutwereacceptedto
ofthelsxgerfacearea.
towidenthegapsbetween
wouldalsotendto reduce
and15).

engines.Thesecontractionratiosarequite
permitmorefreedomininjectordesignbecause
Theeffectofhighcontractionratiosmaytend
theperformancesofdifferentin~ectors.It
theperformancesofallinjectors(refs.14 ----.

Inexperimentalcombustion,peakperformanceoccursfuel-richof
themixtureratiopredictedbestby theoryforcompletecombustion.For

-.

a qualitativeunderstandingofthisphenomenon,itmaybe reasonedthat

[
1)peakperformance-withconibustionlessthan100-percentefficient
experimental)impliesincompleteheatreleasefromthefuel;(2)some
portionofthefuel,then,offersno contributionandmaybe considered
a dihzent,alteringthemoleculsrweightandtemperateofthee-ust
gases;(3)thepresenceofthisdiluentportion,whichmaybe related
inmagnitudetothedegreeof inefficiencyof combustion,hasthedual
effectofdecreasingperformance.,sincetotalpropellantflowiscon- u-
sideredinthedenominatorofperformanceparameters,andof~laciuthe —
observed.peakperformanceata misureratio
contentthanwouldbe observedwithcomplete

ofhighermeasuredfuel
combustion. c“
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SUMMARYa? RESULTS
*

Thefollowingresultswereobtainedfromexperimentallyburning
theliquidfluorine- liquidsmnoniapropellantcombinationat a com-
bustionpressureof 600pounds”persqusreinchabsolutein 1000-pound-
thrustrocketengines.

1.Flat-faced,like-on-likeimpingementinjectorsgavethebest
performanceandwerenotsubjecttoburn-out.

2.A showerheadinjectorgaveperformanceabout4 percentlowerand
heatrejection20percentlowerthanthelike-on-likeinjectorsand
showednoburn-outtendencies.

3.A single-ringtriplet-typeinjectorwitha contouredfaceburned
outrepeatedlyanddidnotgivesatisfactoryperformance.

4.Thefollowingvaluesatmaximumperformanceforthelike-on-like—
andtheshowerheadin~ectorsweretakenfromfairedcurves:

Like-on-likeShowerhead
in~ector in~ector

Specificimpulse,lb-see/lb 290 278
Percentoftheoretical
msximum,equilibrium 85 82

Percentoftheoretical
maximum,frozen 92 89

Characteristicvelocity,
ft/sec 6200 5820
Percentoftheoretical
maximum,equilibrium 87 82

Nozzlethrustcoefficient 1.50 1.50

Over-auheatrejection,
Btu/(sec)(sqin.) 4.0 3.2

Oxidant-fuelweightratio 2,12 2.12

Fuel,weightpercent 32.0 32.0

5.Ingeneral,theshowerheaddataexhibitedbetterreproducibility
thantheltke-on-likedata,wherescatterintheregionofhighestspecif-
icimpulseexceededthelimitsoferrorofthemeasurements.

.—
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CONCIWDTNGREMARKS

Fromexperiencegainedthroughthisandpreviousfluorinework,
certainelementaryinjectionconceptsmustbe followed,thatis,fine
propellantatomization,homogeneouspropellantdistribution,anduniform
thoroughcoverageoftheinjectorfacebypropellantentryholes.These
conceptswarrantverycarefulattentionin spiteof thehighreactivity
offluorine.Inadditiontothe~receding,a flatinjectorfaceis

. .

.E
advantageousto minimizeburnouts.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteefor

Cleveland,Ohio,March18,
Aeronautics
1954
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APPENDIXA

COMBUSTION-CZWMBERFABRICATION

The50-inch-characteristic-length,water-cooled
wasofuniquefabrication.Threesuccessiveshells,

r.1 werespunto thecontourofa machinedmandrel.The

cotiustionchamber
onearoundanother,
innermostshell

wasnickelofl/8-inchthicknessexceptat thenozzlethroat,whereit
wasthinnerforbettercoolingduringcombustion.Thetransitions
betweenthicknesses,aswellasallweldjoints,wereuniformlyfaired
duringthespinningoperation.A secondshell,of l/32-inchsteel,was
nextspuntightlyaroundthefirst,followedby a thirdoneof l/32-inch
Inconel.Theficonelshellwasthensplitlongitudinallyandremoved.
Thesteelwaspeeledoffanddiscsrded.b orderto assembletheengine,
axialspacerwiresweretackedto theinsideoftheInconelshelland
thisshellwasweldedtogetheragainsroundtheinnerwall. Thus,a
uniformcoolantpassagewasachievedbetweenthenickeland~conel
walls.Finally,theflange,pressuretap,andwatertubeswerewelded
onto completetherocketcombustionchamber.(Seefig.6.)
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APPENDIXB
.

WATER-SPRAYTESTSWITHLIKE-ON-LIKEIMPINGEMENT

Inorderto studyspraypatternsformedby pairsofI-Ike-on-like
impingingjets,brasstestblocksweremadecontainingseveraldifferent
arrangementsofdrilldholes.Waterspraysfromtheseblockswereob-
servedvisuallytodeterminequalitativelywhichconditionsproduced
bestatomizationandmostuniformlocaldistributionofthewater
droplets.

The
shownby

arrangementandnomenclatureofthebrasstestblocks
thefollowingske

are -.

‘a

.

Thefollowingconditionswereusedandobservationsmade:

(1)Anglea washeldconstantat90°,basedonreferences16and17.

(2)Angle~ wastestedat90°and100°.Angleof countersunkcone
of100°gavenobetteratomizationordistributionthrough-
outtheresultingsprayfsmthanthe90°anglebutdidpro-
ducemoredrippingdownthesurfaceS ofthetestblods.

(3)DistanceA wastestedatO,0.070,and0.195inch.Bestre-
sultswereobtainedat0.070inch.At O, atomization and
distributionwerepoorerandthe<anwasnotsharplydefinedj
at0.195inch,a considerableamuuntofdrippingoccurred. %
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(4)DistanceBwas keptconstant.A + B wouldbe determinedby
structuralstrengthmd coolingrequirementsoftheinjector.

(5)DiameterC!washeldconstanta-t1/32inch.

(6)DistanceDwastestedappositiveandnegativewalues.Jets
impingingbelowsurfaceS showedbetteratomizationandfan
shapethanthoseimpingingbeyondthesurface.

(7)In onetestat D = O, countersinkingwasomitted.Goodre-
sultswereobtained,butwhencountersinkingwasaddedatom-
izationbecamefinersndthefanhadfewerrandomsprays.

(8)DistanceE wastestedat E ~A, E ~0, andwhere E permitted
a slightclearsnce(0.038or0.010in.)betweenthejetholes
andtheapexofthecountersunkcone.When E ~ A, thespray
wascosrseanddrippingwasrelativelygreat;at E+ (),atom.
izationwascosrsebutthedistributionofthespraywasuni-
formwithverylittletiip~i~j when E permittedclesrance
betweenthejetsandtheapex,atomizationwasgoodanddis-
tributionwasuniformwithnegligibledripping.

(9)DistanceF variedwithE. Spacingofdrilledholestangentially
(F= O)or slightlyseparatedshowedbetteratomizationthan
whencenterlinesofholesintersectedat surfaceS (D. O)
withno countersink.

(10)In sm attempttodevelopa sprayconeinsteadof afan, a
secondsetofholeswasaddedat90°to thefirstandonthe
sameaxis.Whenthefourjetsimpingedat a commonpoint,a
solidstreamwithverylittleatomizationwasproduced;loca-
tionof thesecondpairofholesa~fsraspossiblefromthe
firstimprovedthespray.

(11)A thirdholewasaddedto anoriginalpairwhere D = O and
countersinkingwasotitted(asinitem7). Centerlinesof
thethreeholesintersectedat surfaceS, sndthethirdhole
wasdrilledperpendicularto surfaceS (bisectingthesngle
betweenthetwooriginalholes).Atomizationfromthetriplet
groupwaspoorerthanfromtheoriginaldoublet,theangleof
thesprayfanwasdecreased,anddistributionthroughthefan
wasshiftedto givea greaterportionat centerthanatedges.

(12)Pressuredropsfrom20 to 150poundspersquareinchwereused.
Allpatternsfunctionedwellthroughthe‘rangebutwerebest
atthehigherpressuredrops.
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Thefolluwingconclusionsarebasedon$heprecedingobservations:
Bestresultsmaybe obtainedwith(1)twoholesdrilledforsubsurface
jetim,pin~ment;(2)a 90°emglebetweentheholes;(3)countersinking
withanangletomatchtheholes,thatis,90°;(4)depthoftieconical.
countersinkingequalto2* timesthediameterof theholes;(5)holes

spacedIncountersinkingsuchthattheiredgeearenotquitetagent,
thus providinga slightclearancebetweentheimptigementpointandthe
apexofthecountersunkcone;and(6)moderatelyhighpressuredrops,
thatis,neer150poundspersquareinch.

—
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(a)Showerheadinjector.

(b)Like-on-likegridinjector.
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Figure5. - Water-spraypatternsfromtwofluorine-ammoniainjectorsatpressuredropof
100poundspersuuareinch.
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